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a  b  s  t  r  a  c  t
Friction  stir  processing  (FSP)  has  been  accepted  as  a potential  method  to produce  aluminum  matrix
composites  (AMCs)  without  the  drawbacks  of  liquid  metallurgy  methods.  The  present  work  focuses  on  the
development  of AMCs  reinforced  with  quartz  (SiO2)  particles  using  FSP.  Grooves  with  various  dimensions
were  machined  on  AA6063  plates  and  compacted  with  quartz  particles.  A single  pass  FSP  was  carried
out  using  a combination  of optimized  process  parameters.  The  volume  fraction  of quartz  particles  in
the  AMCs  was  varied  from  0 to  18  vol.%  in steps  of  6 vol.%.  The  developed  AA6063/Quartz  AMCs  were
characterized  using  optical,  scanning  and  transmission  electron  microscopy.  The  quartz  particles  wereriction stir processing
icrostructure
ear
distributed  uniformly  in the aluminum  matrix irrespective  of the  location  within  the stir  zone.  The grains
of  the AA6063  were  extensively  reﬁned  by  the  combination  of  thermomechanical  effect  of  FSP  and  the
pinning  effect  of  quartz  particles.  The  dispersion  of  the  quartz  particles  improved  the  microhardness  and
wear  resistance  of the  AMCs. The  role  of  quartz  particles  on  the  worn  surface  and wear  debris  is  reported.
© 2016  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V. This  is  an  open  access  article  under  the CC  BY-NC-ND  license  (http://creativecommons.org/. Introduction
The constant demand for increased material performance in
erospace and automotive applications has led to the development
f numerous structural composite materials. Aluminum matrix
omposites (AMCs) reinforced with variety of ceramic particulates
volved as a competent material for those industries owing to their
uperior mechanical and tribological behavior over conventional
luminum alloys. AMCs possess unique combination of properties
hat range between that of ceramic particle and aluminum alloys.
he properties of AMCs which drew the attention of materials com-
unity include light weight, high speciﬁc strength and hardness,
ower thermal expansion, high wear resistance and stability at ele-
ated temperature [1–4]. Silicon carbide and aluminum oxide were
sed as reinforcement materials for several decades because of∗ Corresponding author.
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their limitations in production methods [5,6]. The advancement of
production methods made it possible to produce AMCs reinforced
with other potential ceramic particles. Among them, quartz particle
has gathered widespread attention to be used as reinforcement for
AMCs [7]. Pure and fused silica is generally categorized as quartz.
It is a mineral of general composition SiO2 (silicon dioxide) which
occurs in combined and uncombined states. Quartz has low speciﬁc
gravity, excellent hardness and relatively high melting point [8].
AMCs reinforced with quartz particles were produced using a
number of methods in the past decade [9–18]. Hemanth [9] and
Seah et al. [10] analyzed the effect of chill material on the mechan-
ical properties of A356/Quartz AMCs produced using stir casting.
Sreekumar et al. [11] examined the thermodynamics of possible
reaction products in Al–Mg/Quartz AMCs prepared by liquid met-
allurgy route. Sulaiman et al. [12] and Hamouda et al. [13] reported
the tensile behavior of LM6/Quartz AMCs fabricated by carbon diox-
ide sand molding process. Hemanth [14] studied the role of cryo
cooled copper chills on dispersion of quartz particles in Al/Quartz
AMCs developed using stir casting. Hemanth [15] investigated
the microstructure and mechanical properties of Al–12%Si/Quartz
AMCs developed using stir casting followed by directional solidiﬁ-
cation via copper chills. Rohatgi et al. [16] provided insight into the
tribological behavior of A206/Quartz AMCs made using stir casting.
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emanth [17] described the effect of chills on microstructure and
ear behavior of A356/Quartz AMCs synthesized by stir casting.
uela et al. [18] evaluated the milling intensity on the distribution
f quartz particles in Al/Quartz AMCs prepared using mechanical
lloying.
It was demonstrated in literatures that it was possible to pro-
uce AMCs reinforced with quartz particles using various methods.
owever, Al/Quartz AMCs suffered from several defects. Various
ypes of production defects including porosity [9,10,17], agglomer-
tion of particles [12,13,18] and formation of brittle intermetallics
11,16] owing to interfacial reaction between aluminum and quartz
articles were reported. Those defects signiﬁcantly reduce the ten-
ile and wear properties of the AMCs and lessen the performance
f Al/Quartz AMCs during service. A homogeneous distribution of
uartz particles is desirable to obtain higher properties and per-
ormance. The reaction products usually surround the particles
nd deteriorate the interfacial bonding affecting the load bearing
apacity of the AMCs. Stir casting is extensively applied for mak-
ng Al/Quartz AMCs [9–17]. But the wettability between quartz
article and molten aluminum is moderate. Preheating of quartz
articles [14,15] or addition of chemical elements [8,19] is required
o enhance the wetting of quartz particle with molten aluminum
hich increases the production cost. Therefore, development in
roduction methods is essential to prepare sound Al/Quartz AMCs
nd to broaden its applications.
Friction stir processing (FSP) has captured intense research focus
n the last few years as a novel solid state technique to produce
urface and bulk AMCs [20,21]. FSP was derived from the same
rinciples of friction stir welding (FSW). The ceramic particles are
nitially compacted along the tool traverse direction using grooves
f various proﬁles. FSP produces severe plastic deformation of the
luminum alloy which mixes the compacted ceramic particles into
he plasticized matrix aided by vigorous stirring action of the rotat-
ng tool. The composite is thus formed and consolidated due to the
ovement of the tool and the applied axial force. The type, size and
hape of the ceramic particle do not have considerable inﬂuence on
he FSP process [22,23]. Since FSP is a solid state process, it thwarts
ll issues associated with poor wettability and interfacial reac-
ion. The density difference between the aluminum matrix and the
eramic particle does not promote movement of ceramic particles
ithin the consolidated composite. Hitherto, FSP has been success-ully applied to create AMCs reinforced with SiC [24], Al2O3 [25],
iC [26], Si3N4 [27], Ni [28], CNT [29], NiTi [30], TiN [31] and solid
ubricants [32,33]. Lee et al. [34] successfully incorporated quartz
articles into magnesium alloy to produce AZ61/Quartz composites
able 1
hemical composition of AA6063 aluminum alloy.
Element Mg  Si Fe Mn  
wt.% 0.45 0.35 0.15 0.02 
Fig. 1. (a) SEM micrograph and (b) particleCeramic Societies 4 (2016) 381–389
using FSP. Therefore, the objectives of the present work are to pro-
duce AA6063/Quartz AMCs using FSP and study the role of quartz
particles on grain reﬁnement, distribution and wear behavior using
advanced characterization techniques. Aluminum alloy 6063 was
selected as the matrix material as it possesses good formability,
weldability, machinability, and corrosion resistance, with medium
strength compared to other grades of aluminum alloys [35].
2. Experimental procedure
Aluminum alloy AA6063 plates of size 100 mm × 50 mm ×
10 mm were used for this research work. The chemical composi-
tion of aluminum alloy AA6063 is presented in Table 1. A groove
of 5.5 mm deep was  made along the center line of the plates using
wire cut electrical discharge machining (WEDM) and compacted
with quartz particles. The SEM micrograph of quartz particles and
particle size distribution are shown in Fig. 1. The average size of
quartz particles used in this work was  32 m.  A pinless tool was
initially used to cover the top of the groove after ﬁlling with quartz
particles to avoid the particles from scattering during FSP [36]. A
tool made of high carbon high chromium (HCHCr) steel as shown in
Fig. 2 was  used for the present study. The tool had a shoulder diam-
eter of 18 mm,  pin diameter of 6 mm and pin length of 5.8 mm.
The FSP was carried out on an indigenously built FSW machine.
The process parameters employed were as follows: tool rotational
speed = 1600 rpm; traverse speed = 60 mm/min, axial force = 10 kN
and tool tilt angle = 0◦. The FSP procedure to produce the compos-
ite is presented elsewhere [34,37]. The process parameters were
chosen based on large number of trial experiments to produce a
defect free stir zone. FSP was done on three such plates by varying
the width of the groove (0.4, 0.8, and 1.2 mm)  to have four levels
of volume fractions of quartz particles (0, 6, 12, and 18 vol.%). Zero
volume fraction refers to unprocessed aluminum alloy AA6063. The
theoretical volume fraction of quartz particles was calculated as
reported by Sathiskumar et al. [38].
Specimens were obtained by cutting the friction stir processed
plates at its center perpendicular to the processing direction. They
were polished as per the standard metallographic procedure and
etched with Keller’s reagent. The microstructure was  observed
using an optical, scanning and transmission electron microscope
(SEM) and electron backscattered diffraction (EBSD). EBSD orien-
tation maps were recorded perpendicular to FSP direction. The
microhardness was measured using a microhardness tester at 500 g
load applied for 15 s at various locations in the composite.
Cu Cr Zn Ti Aluminum
0.01 0.09 0.04 0.02 Balance
 size distribution of quartz particles.





















wFig. 2. Fabricated friction stir processing tool.
The sliding wear behavior of AA6063/Quartz AMCs was eval-
ated using a pin-on-disc wear apparatus (DUCOM TR20-LE) at
oom temperature according to ASTM G99-04A standard. Pins of
ize 6 mm × 6 mm × 40 mm were prepared from the FSP zone of
MCs by WEDM.  The wear test was conducted at a sliding velocity
f 1.0 m/s, normal force of 20 N and sliding distance of 3000 m. The
olished surface of the pin was slid on a hardened chromium steel
isc. A computer aided data acquisition system was  used to monitor
he loss of height. The volumetric loss was computed by multiply-
ng the cross sectional area of the test pin with its loss of height.
he wear rate was obtained by dividing volumetric loss to sliding
istance. The worn surfaces of the test specimen were observed
sing SEM. The wear debris, which was scattered on the face of the
ounterface, was carefully collected and characterized using SEM.
. Results and discussion
Fig. 3 depicts the typical crown appearance of the stir zone of
riction stir processed AA6063 with quartz particles. The surface
f the crown is smooth without any depressions, voids and dis-
ontinuities. There are no imperfections on the crown. The crown
s characterized with semicircular striations which were formed
ue to the rubbing action of the rotating tool. The spacing of the
ig. 3. Typical crown appearance of friction stir processed aluminum alloy AA6063
ith quartz particles.Ceramic Societies 4 (2016) 381–389 383
striations is equal to the ratio of traverse and tool rotational speeds,
that is, weld pitch [39]. These striations indicate the material ﬂow
across the stir zone. A smooth crown appearance is essential as it
leads to formation of internal defects in the stir zone.
3.1. Microstructure of AA6063/Quartz AMCs
The representative SEM micrographs of the developed
AA6063/Quartz AMCs are depicted in Fig. 4. The quartz parti-
cles are distributed all over the aluminum matrix. The distribution
can be considered as fairly uniform in the AMC. The ﬂow of plas-
ticized aluminum during FSP from advancing side to retreading
side collapses the initial groove and is forged at the backside
of the tool [26]. The vigorous stirring action of the rotating tool
mixes the compacted quartz particles in the groove with the
plasticized aluminum. Sathiskumar et al. [38] reported that the
distribution of the particles in the matrix alloy is a function of
tool rotational speed. The uniform distribution can be attributed
to the optimized tool rotational speed employed in this work. It
is observed in the SEM micrographs that majority of the quartz
particles are located within the grain boundaries. No segregation
or network of particles along the grain boundaries is observed. The
distribution is entirely intragranular. The mechanical and tribo-
logical properties of the AMCs are largely affected by segregation.
The density gradient between the aluminum matrix and ceramic
particle causes huge movement of particles within the aluminum
matrix in AMCs synthesized using liquid metallurgy routes. Since
FSP is a solid state route without melting of aluminum matrix,
the free movement of the particles due to the density gradient is
arrested.
FSP induces intense plastic strain on the stirred material which
has the tendency to fragment and change the shape and size of
the ceramic particles [41]. The shape and size of quartz particles
are considerably changed compared to the initial morphology of
quartz particles in Fig. 1. The strong stirring action of the rotat-
ing tool knocks off the sharp corners of the quartz particles. It is
observed in Fig. 4 that the large size quartz particles are not sur-
rounded by debris generated due to fragmentation. There is no
agglomeration of small debris either. This suggests that the debris
also mixed well with the plasticized aluminum and distributed
homogeneously in the AMC. The size of debris is considerably low
in the order of nanometer to few microns compared to the size of
initially packed quartz particles. The large size variation results in
functionally graded local areas within the AMC.
Fig. 5 shows the SEM micrograph of AA6063/Quartz AMC  at
higher magniﬁcation. The interface between the aluminum matrix
and the quartz particle is detailed in this ﬁgure. The interface is
apparent without the presence of pores or reaction products.
Some investigators notice pores around ceramic particles in
AMCs produced using FSP [42]. No such pores are observed near
any quartz particle in Fig. 5. This can be related to adequate mate-
rial ﬂow and plasticization of aluminum under the selected process
parameters. The interface plays a key role in tensile loading and
sliding wear to transfer the load efﬁciently to the ceramic parti-
cle. Good interfacial bonding is a prerequisite in spite of uniform
distribution to improve the properties. The temperature of the
processing method inﬂuences the interfacial strength signiﬁcantly.
Higher processing temperature tends to kick start interfacial reac-
tions between the aluminum matrix and the quartz particle [11].
The reaction products generally encircle the quartz particle and
deteriorate the interfacial strength. Absence of reaction products
indicates that the temperature rise during FSP is inadequate to
prompt any interfacial reaction.
Fig. 6 depicts the optical micrographs of AA6063/12 vol.% Quartz
AMC  captured at various locations within the stir zone. The optical
micrographs show the distribution of quartz particles all over the
384 S. Joyson Abraham et al. / Journal of Asian Ceramic Societies 4 (2016) 381–389




















dig. 5. SEM micrograph of AA6063/18 vol.% Quartz AMC  at higher magniﬁcation.
tir zone. No area in the stir zone is left particle free. It is remarkable
o notice that the distribution of the quartz particle is independent
f the location in the stir zone. The difference in the distribution
f the quartz particles from the advancing side to the retreading
ide or from the top side to the bottom side is insigniﬁcant. But
ome researchers observed considerable variation in the distribu-
ion of ceramic particles within the stir zone [43–45]. The absence
f signiﬁcant variation in distribution can be related to adequate
lasticization of aluminum matrix and tool rotational speed which
ids to disperse the quartz particles to all areas of the stir zone [23].
lternative layers of low and high volume fraction of quartz parti-
les are observed at the bottom portion of the stir zone in Fig. 6e and
. This is due to the formation of the onion rings typically observed
n FSW and FSP. The onion rings are characterized with arc lines.
he temperature during FSP is high at the top of stir zone due to its
roximity to tool shoulder and low at the bottom of the stir zone.
he threaded tool facilitates vertical motion of plasticized compos-
te within the stir zone. The conglomeration of shoulder and pin
riven material ﬂow with the vertical ﬂow of material ﬂow fromuartz particles: (a) 6 vol.%, (b) 12 vol.% and (c) 18 vol.%.
warmer zone at top to cooler zone at the bottom of the stir zone
results in the formation of banded structure [37].
Fig. 7a–d reveals the EBSD images of AA6063/Quartz AMCs at
various volume fractions and the effect of volume fraction on aver-
age grain size is shown in Fig. 7e. The matrix alloy shows (Fig. 7a)
coarse grains perpendicular to rolling direction. The average grain
size was  observed to be 72 m. The grains in AA6063/Quartz
AMCs are remarkably ﬁner in size compared to matrix alloy. The
generation of ﬁne equiaxed grains can be attributed to dynamic
recrystallization subsequent to intense plastic deformation. The
strain rate during FSP can reach up to 80 s−1 at the contact sur-
face of the tool pin and the matrix material which is much higher
compared to conventional severe plastic deformation processes
(0.1–80 s−1) [20]. The high strain rate contributes to grain reﬁne-
ment. The increase in volume fraction of quartz particles further
decreases the grain size of the composite. This can be related to the
presence of quartz particles which act as grain reﬁners. The quartz
particles tend to pin the motion of the grain boundaries and slow
down the grain growth caused by dynamic recrystallization. This
is called as pinning effect which reduces the grain size. The curve
in Fig. 7e is not linear. The slope of the curve is very steep from
0 to 6 vol.% and moderate after 6 vol.%. The mechanism of grain
reﬁnement in FSP is different to that of liquid metallurgy routes.
In the latter method, the ceramic particles act as grain nucleating
sites and restrict the freely growing aluminum alloy. The additional
component in FSP is the intense plastic deformation which offset
the pinning effect of particles at low volume fraction.
Fig. 8 represents the TEM micrographs of AA6063/18 vol.%
Quartz AMCs at various locations. Dislocations are observed around
a quartz particle in Fig. 8a. The plastic ﬂow of aluminum matrix gen-
erates dislocations. The high rate of dynamic recovery arising due
to high-stacking fault energy causes the dislocations to be arranged
into subgrain boundaries. Ultraﬁne grains are also observed in the
composite (Fig. 8b). The interface between the aluminum matrix
and the quartz particle is clearly visible in Fig. 8c. The interface
appears to be sharp and free from intermetallics or any other reac-
tion products.
























Aig. 6. Optical photomicrograph of AA6063/12 vol.% Quartz AMCs at various locati
etween the stir zone and the aluminum matrix and (f) bottom portion.
.2. Microhardness of AA6063/Quartz AMCs
Fig. 9 depicts the effect of quartz particles on the micro hard-
ess of AA6063/Quartz AMCs. The incorporation of quartz particles
emarkably enhanced the micro hardness of AA6063/Quartz AMCs.
he microhardness was found to be 62 HV at 0 vol.% and 135 HV at
8 vol.% Quartz particles. The microstructural reﬁnements caused
y the incorporation of Quartz particles are accountable for the
mprovement in micro hardness. The strengthening mechanisms
ikely to be operated are elaborated as follows. Quartz particles are
istributed all over the aluminum matrix which invokes Orowan
trengthening [6]. The excellent distribution of quartz particles
inders motion of dislocations and the path of dislocations is inter-
upted. The presence of quartz particles increases the dislocation
ensity of AA6063/Quartz AMCs compared to AA6063. Additional
islocations are created due to the thermal mismatch and the
ifferential deformation between the aluminum matrix and the
uartz particles. The dislocation motion is further retarded due to
ncrease in dislocation density across the AMC. Further, the differ-
nce in thermal contraction between the aluminum matrix and the
uartz particles produces quench hardening effect. According to
all–Petch relationship, the grain size inﬂuences the mechanical
roperties of metallic materials. The grain size of AA6063/Quartz
MCs is smaller to that of aluminum matrix due to grainithin the stir zone: (a) and (b) top portion, (c) and (d) middle portion, (e) interface
reﬁnement of quartz particle. The ﬁne grains result in increased
micro hardness. The effect of the above discussed mechanisms
multiplies as the volume fraction of quartz particles is increased.
Moreover, increasing the volume fraction of quartz particles
reduces the distance between them which causes a raise in the
required stress for dislocations movement between the quartz par-
ticles. It consequently increases the micro hardness.
3.3. Sliding wear behavior of AA6063/Quartz AMCs
Fig. 10 shows the wear rate of AA6063/Quartz AMCs as a func-
tion of vol.% of quartz particles. It is evident from the ﬁgure
that the wear rate of AA6063/Quartz AMCs decreases as a func-
tion of amount of quartz at constant wear test conditions. The
wear rate was  observed to be 583 × 10−5 mm3/m at 0 vol.% and
258 × 10−5 mm3/m at 18 vol.%. Quartz particles enhanced the wear
resistance of the AMCs signiﬁcantly. The factors as described in Sec-
tion 3.2 strengthen the AMCs and contribute to improvement in
wear resistance of the AMCs. Archard’s law provides a relationship
between hardness and wear rate of metallic materials. The volume
loss of material during sliding wear is inversely proportional to the
hardness of the AMC  according to Archard’s expression. Higher the
hardness of the AMC, the lower will be the wear rate. Because, the
increase in hardness of the AMC  increases the resistance to sliding


















aig. 7. EBSD orientation color map of AA6063/Quartz AMCs containing quartz par
rain  size.
ear. The contact area between the AA6063/Quartz AMC  specimen
nd the counter disc is minimized in comparison to unreinforced
A6063 due to the presence of quartz particles which bear the
pplied normal load. The good interfacial bonding between the alu-
inum matrix and the quartz particle impedes the detachment of
uartz particle from the aluminum matrix during sliding. The afore-
entioned factors lead to higher wear resistance of AA6063/Quartz
MCs.
The worn surface of AA6063/Quartz AMCs at various volume
ractions of quartz particles is depicted in Fig. 11. The worn sur-
ace of aluminum alloy AA6063 in Fig. 11a exhibits large amount
f plastic ﬂow, fragmentation marks and deep craters. Groove
attern becomes to emerge on this worn surface. Frictional heat
volves during sliding wear which causes the material to plasti-
ize. The plasticized aluminum is initially sticky to the counterface
nd subsequently removed as sliding progresses. The plasticized
luminum alloy is furthermore subjected to the cutting action of (a) 0 vol.%, (b) 6 vol.%, (c) 12 vol.%, (d) 18 vol.% and (e) effect of quartz particles on
the asperities of the counterface in the absence of quartz parti-
cles. The cutting action and the removal of material in chunks
form a crater on the worn surface. The wear mode appears to
be predominantly adhesion and abrasion to a lesser amount. The
worn surfaces of AA6063/Quartz AMCs display ﬂat surface and
are clearly different to that of aluminum alloy AA6063. Parallel
groove like striations are evident on the worn surface that are
marks of abrasive wear mechanism. The wear mode has shifted
to abrasion from adhesion. This shift of wear mode is inﬂuential for
achieving a signiﬁcant improvement in the wear performance of
AA6063/Quartz AMCs. The plastic ﬂow of the matrix at the edges
of wear tracks is meager due to the reinforcement of quartz par-
ticles. The worn surfaces are covered with numerous loose and
compacted wear debris. The wear debris does not adhere to the
worn surface due to its hard nature. No craters are evident on the
worn surfaces due to the homogeneous distribution of quartz par-
ticles in the aluminum matrix. The grooves are evenly distributed
S. Joyson Abraham et al. / Journal of Asian Ceramic Societies 4 (2016) 381–389 387











sFig. 9. Effect of quartz content on microhardness of AA6063/Quartz AMCs.
hroughout the worn surface and in due course broke off to turn
nto debris.
The wear debris of AA6063/Quartz AMCs at various volume frac-
ions of quartz particles is depicted in Fig. 12. It is found from
ig. 12a that the wear debris of AA6063 reveals a thin plate like
orphology along with a minor amount of ﬁne debris. The plas-
icized aluminum matrix is exposed to the cutting action of the
ounterface. The plate like morphology suggests that the material
emoval rate during sliding is high and conﬁrms that the operating
ear mechanism is adhesive. A minor amount of ﬁne debris can be
ttributed to fragmentation of asperities during the initial stages of
liding wear. It is evident from Fig. 12 that the volume fraction ofFig. 10. Effect of quartz content on wear rate of AA6063/Quartz AMCs.
quartz particles in the AMC  drastically inﬂuences the morphology
and size of the wear debris. When the volume fraction of quartz par-
ticles is increased, the wear debris morphology tends to be spherical
and the size becomes ﬁner (Fig. 12b–d). The spherical morphology
indicates that the operating wear mechanism in the AMC  is abra-
sive. The surface contact between the composite specimen and the
counterface is low compared to unreinforced matrix alloy. Quartz
particles protrude outside the surface and bear the load initially.
As sliding proceeds the protruding particles are either fragmented
or detached from the specimen surface and trapped between the
counterface and the sliding specimen. A new layer of protruding
particles will subsequently make contact with the counterface. The
388 S. Joyson Abraham et al. / Journal of Asian Ceramic Societies 4 (2016) 381–389










aFig. 12. SEM micrograph of wear debris of AA6063/Quartz AMCs con
rapped particles transform two body abrasion wear into three
ody abrasion wear and generates ﬁne spherical wear debris. The
ormation of spherical wear debris is akin to the conventional ball
illing. The wear debris is ground to ﬁne size till the specimen
overs the set sliding distance. The spherical wear debris can be
ttributed to the reduction in wear rate of the AMC in compari-
on with matrix alloy. Because they tend to change sliding contact
nto rolling contact and the material removal rate decreases. The
bove discussed effects magnify as the volume fraction of quartzg quartz particles: (a) 0 vol.%, (b) 6 vol.%, (c) 12 vol.% and (d) 18 vol.%.
particles is increased. The net result is formation of ﬁner spherical
wear debris and lower wear rate.
4. ConclusionsAA6063/(0, 6, 12 and 18 vol.%) Quartz AMCs were effectively
developed using FSP. The microstructure, microhardness and slid-
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607–618 (2008).
[44] D.K. Lim, T. Shibayanagi and A.P. Gerlich, Mater. Sci. Eng. A, 507, 194–199S. Joyson Abraham et al. / Journal of 
ransmission electron microscopy. The following conclusions were
erived from the present work.
The quartz particles were uniformly distributed in the composite
irrespective of the volume fraction. The distribution was inde-
pendent upon the location within the stir zone.
The quartz particles underwent changes in size and shape due to
high strain rate encountered during FSP. The interface between
the quartz particle and the aluminum matrix was observed to be
clean without the formation of any kind of intermetallics.
The grain size of the composite was reﬁned extensively by the
combination of intense plastic deformation and the pinning effect
of quartz particles.
Dislocations were observed around quartz particles due to ther-
mal  mismatch between the aluminum matrix and the quartz
particle.
Quartz particles increased the microhardness of the composite.
The microhardness was measured to be 62 HV at 0 vol.% and
135 HV at 18 vol.%.
Quartz particles enhanced the wear resistance of the composite.
The wear rate decreased as the volume fraction of quartz particles
was increased. The wear rate was found to be 583 × 10−5 mm3/m
at 0 vol.% and 258 × 10−5 mm3/m at 18 vol.%.
Quartz particles inﬂuenced the wear mode in addition to the
morphology of the wear debris. The increased volume fraction of
quartz particles changed the wear mode from adhesion to abra-
sive. The wear debris transformed from thin plate at 0 vol.% at to
spherical shape at 18 vol.%.
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